It has been reported that levels of neopterin are elevated in the cerebrospinal fluid (CSF) of patients with bacterial meningitis, and that neopterin enhances cell death induced by H 2 O 2 in mouse monocytes and macrophages. In the present study, we examined the relationship between the disappearance of inflammatory cells in the CSF of patients with bacterial meningitis and the effects of neopterin on cell death. We hypothesized that the rapid cell death of mononuclear leukocytes (MNs) and survival of polymorphonuclear leukocytes (PMNs) brought about by high levels of tumor necrosis factor-α TNF-α may be related to the pathophysiology of PMN predominance in the CSF of patients with bacterial meningitis. Peripheral blood leukocytes separated into two fractions (MNs and PMNs) were suspended in CSF samples from patients with bacterial meningitis, and the cell death rate was determined with MTT assay. The higher the CSF TNF-α level, the higher the MN mortality rate tended to be. In contrast, PMNs were able to survive high levels of TNF-α in the CSF. For control purposes, MNs and PMNs were also suspended in various conditioned media. The same association between TNF-α levels and MN mortality was observed, as was the survival of PMNs. The addition of neopterin enhanced the cytocidal effect of TNF. The present study suggests that neopterin is related to PMN predominance in the CSF of patients with bacterial meningitis via the effect of TNF-α on cell death.
Introduction
Bacterial meningitis is characterized by a marked predominance of polymorphonuclear leukocytes (PMNs: segmented granulocytes or neutrophils) in the cerebrospinal fluid (CSF) (1) . It has been reported that neopterin levels are elevated in the CSF of patients with bacterial meningitis in children (2-4) or in adults (5) , and that neopterin enhances cell death induced by H 2 O 2 in mouse monocyte/macrophage cells (6) . Tumor necrosis factor-alpha (TNF-α) may play a leading role in this cytotoxicity especially in the case of mononuclear leukocytes (MNs: lymphocytes or monocytes) in the CSF of patients with bacterial meningitis (7) , which contains elevated levels of TNF-α (2) . The mechanism of leukocyte clearance from the central nervous system (CNS) compartment in patients with meningitis is apoptosis (8) . In this study, we examined the relationship between the disappearance of inflammatory cells in the CSF of patients with bacterial meningitis and the effects of neopterin on cell death. (Table 1) CSF samples were collected from 12 patients on admission via spinal taps under clinical indications (patients 1-9 were the same as those reported on in ref. 7) . Six of the patients had bacterial meningitis, 2 had mumps meningitis (diagnosed on the basis of bilateral swelling of the parotic gland and significant elevation of viral antibodies in the serum), and 4 had aseptic meningitis of unknown origin. Clinical data on the CSF samples collected from each patient are shown in Table 1 . Samples were collected from the patients with bacterial meningitis 3 times (on admission, and on the 2 nd and 5 th hospital days), but for reasons of clinical convenience samples were collected only on the day of admission from the patients with aseptic or mumps meningitis. Total neopterin or biopterin levels were determined as previously reported (9) with high-performance liquid chromatography with the excitation wave length set at 350 nm and the emission wave length at 450 nm. TNF-α was assayed with an enzymelinked immunosorbent assay (ELISA) kit purchased from Invitrogen (Carlsbad, CA, USA).
Patients and methods

CSF samples with clinical data
Use of the subjects' CSF was approved by the Ethics Committee of our institution, and written informed consent was obtained from the guardian(s) of each patient prior to examination and treatment.
Cell preparation and cell death analysis
Peripheral blood leukocytes were donated by a healthy volunteer. They were separated into two fractions, MNs and PMNs, with Mono-Poly Resolving Medium TM (a mixture of Ficoll and metrizoate) purchased from Dainippon Sumitomo Pharma (Osaka, Japan); 1.0 x 10 6 cells of each fraction were suspended in 1 ml of each patient's CSF in a 96-well plate and incubated for 10 hours at 37°C. The cell death rate was evaluated with MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-Diphenyl-tetrazolium bromide) assay.
MTT assay: Briefly, 100µL of MTT purchased from Sigma-Aldrich (Tokyo, Japan) was added to each well and incubated for 10 hours, by which time the samples had turned purple. The absorbance at 540 nm was measured with a microplate reader. The results are expressed as percentages of the control values (control cells were suspended in RPMI1640 medium purchased from Wako Pure Chemical Industries, Osaka, Japan). For control purposes, RPMI1640 media containing TNF-α (human, recombinant) and/or neopterin and/or biopterin at various levels were used to investigate the extent of cell death. Eight separate media were prepared containing, respectively: 3 different levels (100, 1,000, 10,000 pg/ml) of TNF-α alone, 100 ng/ml (395 nmol/L) of neopterin alone, 100 ng/ml (414 nmol/L) of biopterin alone, 10,000 pg/ml of TNF-α with 100 ng/ml of neopterin, 10,000 pg/ml of TNF-α with 100 ng/ml of biopterin, and 10,000 pg/ml of TNF-α with 100 ng/ml of neopterin and 100 ng/ml of biopterin. TNF-α and neopterin were purchased from Wako Pure Chemical Industries, and 6-biopterin from SigmaAldrich Co. Each experiment was performed in triplicate, and data are presented as mean ± standard deviations; the statistical significance of differences was determined by one-way ANOVA (analysis of variance).
Results
Patients' Clinical data (Tables 1 and 2)
In comparison with the CSF samples taken from the patients with aseptic meningitis, those taken on admis- sion from the patients with bacterial meningitis showed high TNF-α levels and marked pleocytosis comprised almost entirely of PMNs. However, the TNF-α levels decreased rapidly in as little as 1 day, as previously reported (2,7). Changes in the CSF neopterin levels in the patients with bacterial meningitis were similar to those previously reported (3): levels were higher on the 2 nd hospital day than on admission; CSF biopterin levels in the same patients were lower on the 2 nd hospital day than on admission (3). Neopterin levels in the 2 nd hospital day were correlated with TNF-α levels on admission (p <0.01), and biopterin levels on admission were correlated with TNF-α levels on admission (p <0.05) in the patients with bacterial meningitis (n = 6) in the correlation analysis. However, neopterin levels on admission or biopterin levels in the 2nd hospital day were not correlated with any clinical parameters (cell count of PMN or MN) or TNF-α (data not shown).
MTT assay of clinical samples (Table 2)
In the patients with bacterial meningitis, the higher the CSF TNF-α levels, the higher the MN mortality rate tended to be. In contrast, in the patients with aseptic (including mumps) meningitis and febrile seizures, most MNs survived. The MN survival rate in the patients with bacterial meningitis (60.1 % ± 13.1 %, n = 6) was significantly lower than that in the patients with aseptic meningitis (98.0 % ± 4.7 %, n = 6; p <0.01). However, PMNs were able to survive high levels of TNF-α in the CSF for 10 hours, even in the samples from patients with bacterial meningitis. Fig.) In the conditioned media containing TNF-α alone, the higher the CSF TNF-α levels, the lower the MN survival rate tended to be. The MN survival rate in the medium containing 1,000 pg/ml of TNF-α (88.2 % ± 5.5 %) was significantly lower (p <0.05) than that in the medium containing 100 pg/ml of TNF-α (96.2 % ± 6.6 %); similarly, the MN survival rate was significantly lower (p <0.01) in the 10,000 pg/ml TNF-α medium (39.2 % ± 7.5 %) than in the 1,000 pg/ml TNF-α medium. All PMNs survived in both the 100 pg/ml and 1,000 pg/ml TNF-α media, but the PMN survival rate was significantly lower (p <0.05) in the 10,000 pg/ml TNF-α medium 79.2 % ± 8.4 %). The MN survival rate in the medium containing 100 ng/ml (394.9 nmol/l) of neopterin was 96.6 % ± 3.7 %, and that in the medium containing 100 ng/ml of biopterin (414.4 nmol/L) was 100 %. The MN survival rate in the medium containing 10,000 pg/ml of TNF-α with 100 ng/ml of neopterin (29.2 % ± 9.1 %) was significantly lower than that in the medium containing 10,000 pg/ml of TNF-α alone (p <0.05). The MN survival rate in the medium containing 10,000 pg/ml of TNF-α with 100 ng/ml of biopterin, and that in the medium containing 10,000 pg/ml of TNF-α with 100 ng/ml of neopterin and 100 ng/ml of biopterin were 37.3 % ± 9.5 % and 28.4 % ± 7.0 %, respectively. The PMN survival rate was 100 % in both the 100 ng/ml neopterin medium and the 100 ng/ml biopterin medium. The PMN survival rate in the medium containing 10,000 pg/ml of TNF-α with 100 ng/ml of neopterin (74.9 % ± 9.6 %) was lower than that in the medium containing 10,000 pg/ml of TNF-α alone, but the difference was not statistically significant. The PMN survival rate in the medium containing 10,000 pg/ml of TNF-α with 100 ng/ml of biopterin, and that in 10,000 pg/ml of TNF-α with 100 ng/ml of neopterin and 100 ng/ml of biopterin were 77.5 % ± 8.3 % and 73.6 % ± 9.2 %, respectively.
MTT assay in experiments (
Discussion
The CSF of patients with bacterial meningitis contains an abnormally large number of white blood cells comprised almost entirely of PMNs (1). However, the mechanism that causes this overwhelming predominance of PMNs in the CSF during the acute phase of bacterial meningitis is unclear. The inflammatory cells in the CSF of patients with meningitis are MNs and PMNs, and leukocytes are cleared from sites of tissue inflammation through cell death (including apoptosis) (4, 10) . We hypothesize that the rapid cell death of MNs and survival of PMNs brought about by high levels of TNF-α may be a factor in the pathophysiology of PMN predominance in the CSF of patients with bacterial meningitis (7) . Our in vitro experiments suggest that although neopterin at levels of around 100 ng/ml (395 nmol/L) has little cytocidal effect, it acts in synergy with TNF-α to cause the cell death of MNs.
It is well known neopterin is produced by monocytes/macrophages or endothelial cells via TNF-α stimulation, but it has been reported that neopterin also can superinduce TNF-α production (11, 12) . So neopterin and TNF-α are thought to be closely related with regard to synthesis and effects, respectively, and the present study seems to be compatible with such finding.
In clinical patients, various agents (cytokines, adhesion molecules, chemokines, and so on) are associated with actual immunological responses in the CNS compartment. Although we recognize that using sample peripheral blood leukocytes from a healthy volunteer rather than from a patient with meningitis was a limiting factor in the experiments carried out in this study, our present findings suggest that neopterin enhances the cytocidal effect of TNF-α on MNs, whereas biopterin does not. We assume that the potent effect of neopterin is related to the pathophysiology of PMN predominance in the CSF of patients in the acute phase of bacterial meningitis through the effect of TNF-α on cell death. Further researches in this area are eagerly awaited.
